Treatment of isolated stratum corneum with certain detergents results in complete disaggregation of the corneocytes within hours at 45 0 C without agitation. This is prevented by prior heating of the tissue to 80 0 C or by solvent extraction of the intercellular lipids. In the present study, electron microscopy revealed that the heated or solvent-extracted tissue was characterized by cell-to-cell contacts that appeared to involve the chemically bound hydroxyceramides which constitute the corneocyte lipid envelope. It is proposed that the irreversible bonding between corneocytes that results from heating D espite numerous investigations, it is still unclear what provides the cohesion of stratum corneum and what changes allow the orderly exfoliation of individual corneocytes in the process of normal desquamation. A number of studies have implicated cholesteryl sulfate in the cohesion, possibly involving calcium bridges between lipid bilayers [1, 2] . This is supported by the demonstration that removal of the sulfate group is the only change in lipid composition that occurs during desquamation [3 -5]. More recent studies have indicated a role for proteins [6] or specific glycoproteins [7] in stratum corneum cohesion, possibly including the involvement of calcium [6] .
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espite numerous investigations, it is still unclear what provides the cohesion of stratum corneum and what changes allow the orderly exfoliation of individual corneocytes in the process of normal desquamation. A number of studies have implicated cholesteryl sulfate in the cohesion, possibly involving calcium bridges between lipid bilayers [1, 2] . This is supported by the demonstration that removal of the sulfate group is the only change in lipid composition that occurs during desquamation [3 -5] . More recent studies have indicated a role for proteins [6] or specific glycoproteins [7] in stratum corneum cohesion, possibly including the involvement of calcium [6] .
These conclusions must be interpreted in conjunction with the demonstration that the corneocytes are separated by multiple intercellular lipid lamellae [8, 9] and that the corneocyte itself is entirely enveloped in a continuous layer of chemically bound hydroxyceramide [10, 11] . It also seems relevant that treatment with certain detergents results in complete disaggregation of isolated stratum corneum [6, 12, 13] , whereas complete removal of the intercellular lipids by extraction with chloroform: methanol not only fails to disaggregate the tissue, but results in a compact structure which can no longer be disaggregated by detergents [1 2,13] . Extraction of isolated stratum corneum with ether does produce individual corneocytes, but apparently only during vigorous grinding [7, 14] .
In the present study we have used electron microscopy to examine the effects of heat, solvents, and detergents on stratum corneum. The results suggest that cohesion involves direct contact between the lipid envelopes of adj acent corneocytes, and that this close contact occurs in limited regions where intercellular lamelle are absent, mostly at the periphery of the cells.
Manuscript received October 11,1988 or lipid extraction results from interdigitation of the sphingosine chains belonging to those hydroxyceramides that are bound to the corneocyte protein envelope by the co-hydroxyl function of the 30-and 32-carbon hydroxyacid moieties . Similar interdigitaion of adjacent envelopes might be involved in natural stratum corneum cohesion, limited mostly to the periphery of corneocytes where the absence of intercellular lamellae allows the appropriate cell-to-cell contact.
] Invest DermatoI93:169-172, 1989 MATERIALS AND METHODS Preparation of Isolated Stratum Corneum Young pigs weighing 20 to 30 kg were killed at a slaughter house and then brought to the laboratory intact. Most of the hair was removed with animal clippers followed by an electric shaver. Circular sheets of full thickness epidermis were removed by 60-sec application of a hot (60°C) aluminum cylinder 2.5 inches in diameter, followed by gentle scraping with a spatula. Fifty such sheets of epidermis were suspended in 0.5% trypsin (Type III, Sigma, St Louis, MO) in 500 ml of buffered isotonic saline at 4 ° C overnigh t. The sheets of tissue were collected on a sieve and resuspended in a large volume of water. From this the pieces of tissue were transferred individually to 500 ml of fresh trypsin in alL flask which was then rotated at 100 rpm for 2 h at 25 ° C. The tissue was again collected and washed and then stored at 4°C in water containing 1 mM sodium azide. Heat Treatment of Stratum Corneum Single pieces of isolated stratum corneum 2.5 inches in diameter were placed in 10 ml of distilled water in separate screw-capped culture tubes. Tubes were then heated at 80°C for 1, 4, or 22 h. The tubes were then cooled and samples of the tissue were taken for examination by electron microscopy.
Solvent Extraction of Stratuln Corneum Pieces of isolated stratum corneum were blotted dry and then placed in 10 ml of chloroform: methanol (2: 1) in capped culture tubes. After 4 h at room temperature, the solvent was decanted and replaced with 10 ml of methanol. After a further 2 h the methanol was poured off and, without being allowed to dry, the tissue specimens were subjected to detergent treatment.
Detergent Treatment of Stratum Corneum Pieces of untreated stratum corneum, or those that had been subjected to heating or solvent treatments as described, were submerged individually in 10 ml portions of a solution containing 8 mM N, N-dimethyldodecylamine oxide and 2 mM sodium dodecylsulfate in phosphate-buffered isotonic saline, and the tubes were heated at 45 ° C for 7 d. 169 neum pieces were fixed in 2.5% glutaraldehyde and then postfixed in 0.2% ruthenium tetroxide [8] . The specimens were dehydrated in a series of acetone solutions before embedding in Spurr's resin. Ultrathin sections were floated onto carbon-stabilized Formvar-coated grids, stained with aqueous uranyl acetate and lead citrate, and examined in a Hitachi model 7000H electron microscope.
RESULTS

Untreated StratUln Corneuln
As in previous studies [8, 9] , electron microscopy showed that the untreated tissue consisted oflayers of corneocytes separated by continuous multiple lipid lamellae (Fig 1) .
Detergent-Treated Stratum Corneum
As in previous reports [6, 12, 13] , detergent treatment of the isolated stratum corneum resu lted in disintegration of the tissue into individual corneocytes in about 4 h without agitation. Electron microscopy revealed that the intercell ular lamellae had been removed, but the cells retained their envelopes ofboul1d lipid [10, 11] .
Heat-Treated StratUln Corneum Stratum corneum sheets remained intact after heating at 80°C for up to 22 h, but the tissue lost much of its tensi le strength. Electron microscopy showed extensive disruption of the tissue (Fig 2a ) , resulting in greatly expanded intercell ul ar spaces and dispersion of the intercellular lamellae. This disruption was more extensive w ith lon ger heating periods. Where lamellae were absent, the envelopes of adj acen t cells were sometimes in contact; and these regions seemed to be the maj or remaining points of intercellular attachment (Fig 2b) .
Wh en the heat-treated tissue pieces were subjected to the detergent treatment at 45 ° C, the disaggregation seen with non-heattreated stratum corneum was never observed. The tissue that had been heated for only 1 h broke up into a number oflarge fl akes , but the tiss ue that had been heated for 4 h or 22 h did not disintegrate even after heating for 7 d in the detergent mixture. Very few individual corneocytes were produced even with vigorous vortexing.
Solvent-Treated Stratum Corneum
As shown previously [11] , stratum corneum that had been extracted with chloroform : methanol consisted of tightly compacted cells separated by uniform lucent bands (Fig 3) . T he lucent bands, representing the corneocyte lipid envelopes, were everywhere in close contact with adjacent cells and could often be seen to be demarcated from the lipid envelope of the adjacent cell by a fa int electron-dense line. We have postulated that t his electron-dense line represents the apposed polar surfaces of the respective lipid envelopes [11] . Splitting at this polar interface, wh ich would result in cell separation, was infrequent.
Detergent treatment of the solvent-extracted tissue invariably fai led to produce any disaggregation, even after heating for 7 d and occasional vigorous agitation on a vortexer. 
DISCUSSION
Consideration of th e present findings leads us to infer that the tight cohesion between the corneocytes in solvent-extracted stratum corneum results from some kind of strong interaction between adjacent lipid envelopes. Figure 4 shows diagramatically how this contact might appear at the molecular level if only the polar surfaces of the lipid envelopes were in contact. In the absence of any covalent bonding, such an arrangement could be expected to be easily disrupted by association of water molecules with the polar head groups of the lipids. Likewise, there is no apparent reason why polar organic solvents should not similarly result in separation of the contacting cells. However, the lipid envelopes possess a number of features that should promote strong mutual attraction, based on principles of membrane interaction that have recently been summarized [15] . According to these principles, membrane interactions are governed by a balance between repulsive and attractive forces. Only the relatively weak van der Waals forces are available to provide attraction between the corneocyte lipid envelopes, but this attraction will be maximized, and the repulsive forces resulting from thermal motions will be minimized , by the known physical properties of the corneocyte lipid envelopes. Essentially, the more smooth and the more rigid the surfaces of the membranes are, the less the repulsive fluctuational force will be. Rigidity of the lipid envelopes is promoted by the high melting, very long chain w-hydroxyceramides of which they are predominantly composed. In addition, the hydroxyceramides span the fu ll thickness of each envelope, minimizing the ripple effect which results from fluctuations in membrane thickness. Moreover, the corneocyte lipid envelope appears to be covalently bound to a p-pleated sheet of protein on the outside of a thick, cross-linked protein envelope [11, 16] ' providing a relatively rigid substrate to which the lipid layer is bound. As a result, the repulsive forces might be sufficiently sm.all to allow the attractive van der Waals force to dominate the interaction between corneocyte lipid envelopes.
However, the remarkable cohesion that exists between corneocyte envelopes that are in direct contact leads us to propose an additiona l mechanism based on interdigitation of lipid chains between adjacent envelopes, as shown in Fig 5. This molecular arrangement is based on the recent demonstration that the bound lipids co nsis~ almost exclusively of w-hydroxyceramides, in which the hydroxyacid moieties are 30 to 32 carbons in length and the sphin gosine moieties to which they are attached have 16 to 22 carbons [10, 11] . Pig stratum corneum contains 2% of the bound hydroxyceramide, which is just sufficient to provide a monomolecular la yer of bound lipid over t he surface of each cell [10, 11] . About half of th e hydroxyceramides are bound by esterification of the w-hydroxyl function and halfby one of the hydroxyls of the sphingosine [10] .
D etergent removal of the unbound intercellular lipids should allow cell-to-cell contact and might be expected to produce the envelope interdigitation that results in irreversible bonding after solvent extraction of the lipids. However, lipid chains would be unlikely to fold out into this configuration as long as an aqueous medium surrounds the cells. In preliminary studies we have found that irreversible cohesion does indeed occur when dispersions of corneocytes that have been delipidized by detergents are allowed to dry.
Our hypotheses can be extended to the inability of detergent treatment to disaggregate stratum corneum that has been heated to 80°C. Dispersion of the intercellular lame.1lae presumably resulted from melting of the lipid domains, which occurs at about 75°C [17, 19] . As a result, the tissue was seen by electron microscopy to be extens ively disrupted, with large spaces between the cells (Fig 2) . However, where there was contact between cells, the apposed cell envelopes were clearly in intimate association, presumably involving the stable chain interdigitation that we propose as the basis for irreversible corneocyte cohesion. Most of this contact appeared to exist at the periphery of the cells and might represent persistence of limited points of envelope-to-envelope cohesion in the original stratum corneum. These limited points of contact might explain the basketweave appearance that is typical of standard histologic sections and is now seen also in the heat-treated stratum. corneum.
It remains necessary to explain, however, why native stratum corneum can be disaggregated by detergents but not heat-treated stratum corneum. One possibility is that a less intimate form of envelope interdigitation exists in the native tissue than in the heated material. This might be the basis for the somewhat different appearance of the envelope contact points in the two tissues. In the untreated tissue, the lipid envelopes appear to be only partially interdi gitated , forming a lipid monolayer between them 19], whereas in the heated tissue, only two lucent bands are seen (Fig 2b) , which might result from more intimate interdigitation. This could only result from expulsion of any lipid molecules that were not cova- Figure 5 . Proposed molecular structure of two protein-bound lipid envelopes in close apposition with interdigitation of their sphingosine chains. lently bound, a circumstance that could be promoted by chain melting. Simil arly, solvent extraction might promote the more intimate form of interdigitation by removal of all nonbound lipid molecules.
Whether additional mechanisms of cohesion such as proteinprotein interactions are needed to explain the properties of the stratum corneum remains to be determined. However, because corneocytes are widely separated from each other by intercellular lipids over most of their surfaces, additional interactions might also be limited to the few points of envelope contact at the cell peripheries. 
